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ABSTRACT

Of the physical effects that limit the propagati:•n of a high intensity
laser beam through the atmosphere, air breakdown has the most catas-
trophic influence. Completely ionized air attenuates 10. 6g radiation within
a few centimeters. It is therefore imperative that the threshold for air
breakdown under realistic circumstances be deterrn~ned. In this report •.
the physics of long pulse laser-induced breakdown process in particle-

contaminated air is studied in four stages. The firsE stage is particulate
heating and vaporization. Simple models are used to predict the time to
vaporization at the particle surface, the time Lo vaporize a given fraction
of the particle, and the pressure of the vapor immediately above the
particle surface. The second stage is the heating of the vapor cloud. The
heating rate is calculated under two approximations. For a short time
period after the vapor cloud is formed, its central region is assumed to be
effectively insulated from the air, and thermal conduction losses can be
neglected. At later times thermal. conduction losses are important through-
out the whole %. aud; then a model in which the conduction losses are
averaged over the volume of the vapor is used. Using these models we
are able to estimate the time for the v3por cloud to reach a high
temperature (nominally chosen to be 20, O00°K) and the minimum laser
intensity required to heat the vapor cloud. The third stage of the break-
down process is the creation of air plasma. An estimate is made of the
temperature the surrounding air muat reach in order to readily absorb
the laser energy. Then, from crude estimates of the energy flux into the
air, the rate of expansion of the plasma into the air is determined. The
final stage is the growth of the air plasma. The growth is followed as a
function of time for various values of the initial air plasma size and the
laser intensity.

-iii--

Pf==ZN ?AM " L..... 1 " " -

rum



TABLE OF CONTENTS

Paize

ABSTRACT

1. INTRODUCTION

2. PARTICULATE HEAT IG AND VAPORIZATION 7

3. VAPOR CLOUD HEATING 29

4. CREATION OF AN A-' R PLASMA 63

5. AIR PLASMA DYNAMICS 69

6. SUMMARY 87

"REFERENCES 89

?I

•- ". .. ..V .I._ 1

l •w..B•,..'--'. "- " ÷ :':',•'• ;•'•" 2"• 8L'- Jr'. ZK€- '" • " I:" ,•-.;'•Ih



rv I-
1.INTRODUCTION

Of the physical effects that limit the propagation of a high intensity

laser beam through the atmosphere, air breakdown has the most catastrophic ~

influence. Completely ionized air attenuates 10. 64 radiation within a few

centimeters. It is therefore imperative that the threshold for air break-

down under realistic circumstances be determined.

Studies of the breakdown threshold in clean ai r and the noble gases

are numerousa, and observed thresholds are in good agreement with an

extension of microwave breakdown theory to optical frequencies. When air

is contaminated with particles, it has been observed that the breakdown

threshold is lowered substantially below the clean air value. The mecha-

nisms by which particles induce breakdown are not clearly understood.

However, it is generally accepted that breakdown occurs as a result of

vaporization of the particles, heating of the vapor and surrounding air, and

ultimately ionization and "breakdown!' of the air within the laser beam volume.

The sequence of events and the detailed physical processes that occur is

strongly dependent upon laser intensity, wavelength and pulse timne.

At 10. 6 pm and for short laser pulses (< I p.sec) the observed breakdown

threshold is one to two orders of magnitude lower than the clean air value for
1

particle sizes from 3 Pm to approximately 30 Urn in diameter. The threshold

is fairly insensitive to the particle materials that have been studied and

decreases with increasing parricle diameter. In addition, for a pulse length of

approximately 100 nsec, Lencioni has found that the breakdown threshold in the

presence of particles scales as the inverse square of the laser wavelength. This

is consistent with cascade breakdown in either the particle vapor or the air

surrounding the particle. Triplett and Boni3 have performed a theoretical

study of the interaction of laser radiation with a single suspended particle.



Their analysis applies only when the laser intensity is sufficiently large that

the rapidly evaporating or "exploding" particle drives a strong shock wave

into the surrounding air. Breakdown then occurs via a nonequiJibrium

cascade process in either the vapor or shock heated air. Calculations

indicate that reductions in the breakdown threshold of slightly greater than

one order of magnitude below that of clean air are feasible by this mechanism.

An experimental study of laser-induced breakdown in contaminated

air with long (100 P.sec) 10. 6 Pn laser pulses was performed by Schlier,I 4
Pirri and Reilly. 4 he most significant result of this study was that the

laser intensity for breakdown in contaminated air was almost three orders

of magnitude below the clean air value. This result is one to two orders

of magnitude below experimental and theoretical predictions for breakdown

with microsecond or submicrosecond pulses. In addition, an "incubation!'

time or delay time between laser turn on and breakdown (as dr - cted by a

reduclion in the transmitted laser power) was observed. Luminous plasmas

were observ~ed during the incubation period. Often a plasma wvas seen but no

breakdown ot.curred. There is at present no theoretical understanding of the

contaminated air breakdown mechanisms for these long laser pulses (> 10Vsec).

Since the observed delay times are 10 - 30psec, the breakdown mechanism cannot

be nonequilibriurrt cascade ionization of shock heated air or vapor. It appears

that the vapor formed by the evaporating particle heats in lo,•al thermodynamic

equilibrium and transfers its energy.r to the surrounding air by conduction and

radiative transport. The air ultimately heats via inverse Bremsstrahlung

absorption until the formed plasma becomes opaque to the laser radiation.

This plasma formation mechanism is similar to that which leads to the ignition
5,6of laser-supported combustion waves above surfaces. The wavelength

dependence of long pulse thresholds is unknown at present.

In this report the physics of long pulse laser-induced breakdown process

in particle - contaminated air is studied in four stages. The first stage, which

is discussed in Section 2, is particulate heating and vaporization. Simple

t-2-
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models are used to predict the time to vapurization at the particle surface,

the tirne to vaporize a given fraction of the particle, and the pressure of

the vapor immediately above the particle surface. The second stage, the

heating of the vapor cloud, is analyzed in Section 3. The heating rate is

calculated under two approximations. For a short time period after the

vapor cloud Is formed, its central region is assumed to be effectively

insulated from the air, and thermal conduction losses can be neglected.

At later times thermal conduction losses are important throughout the

whole cloud; then a model in which the conduction losses are averaged

over the volume of the vapor is used. Using these models we are able to

estimate the time for the vapor cloud to reach a high temperature (nominally
0

chosen to be 20, 000 K) and the minimum laser intensity required to heat the

vapor cloud. The third stage of the breakdown process, the creation of

air plasma, is studied in Section 4. An estimate is made of the temperature

the surrounding air must reach in order to readily absorb the laser energy.

Then, from crude estimates of the energy flux into the airthe rate of expan-

sion of the plasma into the air is determined. The final stage, the growth

of the air plasma, is analy.ed in Section 5. The growth is followed as a

function of time for various values of the initial air plasma size and the

laser intensity.

A plot of the experimentally determined threshold intensity versus

time to breakdown is shown in Fig. 1. 1 for 10. 6p radiation. The region
6 2

of interest in this report is the intensity range from 3 x 10 W/cni to
6 2

8 x 106 W/cm . Spherical particles of Al 2 0 3 having a diameter of 30prni

are observed to cause breakdown within 20 to 100psec from the beginning

of the pulse. Glass fibers also lead to similar breakdown times, but they

are not analysed in this report. For comparison with data, numerical

calculation, are tade in each section for Al 2 0 3 particles 30pm in diameter

16 2 6 2exposed to 10. 61 radiation of intensity between 3 x 10 W/cMr to 8 X 10 W/cm

-3-
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Due to the complicated coupling between heating, vapor and air dynamnics

simple scaling laws for the variation of breakdown time and threshold an

a function of laser wavelength and particulate composition can not be given.

However, in each stage, the important parameters of the breakdown process

which change with wavelength and particulate composition are identified.

In Section 6, this report is concluded with the calculation of the entire
6 2

breakdown sequence for a laser intensity at 5 x 10 W/czn . The conclusions 4

of each of the four stages are summarized and experiments are suggested.

-5-



2. PARTICULATE {EATING AND VAPORIZATION

A particulate exposed to a laser beam absorbs energy and thereby

increases its temperature. If the beam is intense enough the particle may

reach the vaporization temperature. Many interesting phenomena can

occur during the process; for example, the particle may move due to the

pressure of the vapor, or the particle may shatter because of unequal

heating. However, for the purpose of estimating breakdown thresholds

the important quantities are the size and composition of the vapor cloud

formed by the particle. In this section, therefore, simple models are

employed to characterize (1) the time when bulk vaporization begins,

(2) the time required to vraporize an arbitrary fraction of the particle, and

(3) the pressure of the vapor above the particle surface.

The optical properties of the particulate are determined by its

index of refraction which has both a real part n1 and an imaginary part

n ; and by the ratio of the radiation wavelength X to the radius R

of the particulate. For R <- ), the Rayleigh limit for the absorption cross

section is approached. For large particles, R ,> X, geometric optics applies.

If, in addition, the complex index of refraction n obeys I n - 11 << I and

4Tr n /R% < 1, the cross section is given by volume absorption with the bulk

absorption coefficient m defined by

m 47rn 2 /X (. 1)

Alternatively, if 41TnR/R >20 1 the particle acts as a surface absorber.

Whenever none of the above mentioned limiting cases applies, Mie theory7

should be used.

-7-
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The optical constants for Al 2 0 3 are required input for any deter-

mination of the amount of laser energy absorbed. Unfortunately n 1 and n2

vary rapidly with temperature, wavelength and method of experimental

determination. The values reported by several authors 8 ' 9, 10 are listed

in Table 2. 1. Clearly the experiments based upon particulates differ
from the results obtained from bulk samples. According to Toon and

8Pollack, experiments using particulates are difficult to interpret correctly.

We therefore base our estimates upon the bt. Ik sample experiments. The

values for n2 from Ref. 10 are shown ih Fig. 2.1 for various temperatures

and wavelengths. The imaginary point of the index of refraction is seen

to increase rapidly with wavelength near 10. 6 Pm for Al 0 at room
2 3

temperature. At higlker temperature, however, the increase with wavelength

is less significant. In breakdown studies the particle is heated from room

temperature to the vaporization temperature of 4000 K. Clearly reliable

values of the index of refraction over the full temperature range from
0 0

300 K to 4000 K are a prerequisite for accurate predictions. In their

absence,the values of n1 = . 8 and n. = . 2, which were reported in Ref. 10
0

at T = 1773 K, have been used to characterize the entire heating process.

This choice is logical because most of the energy needed to vaporize the

particulate must be supplied at the boiling temperature; therefore, the high

temperature values of n 2 are most important.

For n2 = . Z and a radius of 15 P, the product of absorption coefficient

and R for 10. 6 p radiation is 3. 6. Mie theory should normally be used in

order to describe this regime. Unfortunately the standard Mie theory
11n an

code has not been tested for n < 1, and results predicted by it are not

guaranteed reliable. Furthermore the code provides information on the scatter-
12

ing rather than the local deposition within the particulate. Instead of

modifying the code extensively to overcome these shortcomings, we

resorted to ray optics to predict local energy deposition. 13 The Mie

code was used to estimate total absorption and to lend credance to the ray

theory prediction.

4-8-
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Fig. 2. 1 Imaginary Part nf the Index of Refrac-.ion of Al 0 3 as a
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TABLE 2. 1

Experimental Values of the Index of Refraction of Al 0
2 3

Temperature lopi~ 10. 6 i X =11 Ref. Sample
n nn n. n. '01

1 22- 2

293 K .92 .018 .30 .089 8 Bulk

293 K .488 .048' 10 Bulk

300 K 1.15 3.83 .31 .0106 9 Particulate

1773 K .857 .19 10 Bulk

2000 K 1978 1.31 .713 .34 9 Particulate

* ~ .40- A
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In ray optice the path of the radiation through the particulate is

determined by the real part of the irdex of refraction and by Snell's law,

n sin= sin 6 A (2e2)

wheka 0 is tii arngle between tno ray in the air and the normal to the

surface, e is the angle between the ray in the particle and the norr'.al to

the suriace, and the index of refraction of air has been set to one. Typical !

rays for n 1 o 1 and n1 < 1 are shown in Fig. 2. Za, and 2. 2b respectively.

The absorption of the radiation is characterized by the bulk attenua-
dItion coefficient a = 4? n 2 / A. The local rate of deposition is WJ. where I

is the local radiation flux. In ter~ia of the distance z along the ray from

the particulate surfate anc. the incide.at laser ilux, den d by I, t1 i-e ocal"

deposition attributab.e to a given ray is a 10 e . Therefore the total

absorption of the particle can be written as

ymax 2R cos,max
y•dy dz a e I

0 0

where y is the displacement of the incident ray from the ray passing through 3

the center of the particle as shovwn in Fig. 2. 2. Application of Suell' s law

yields

' ' •/ ~~sin28 6 Zn '

R cos0 0R 1Z - R 2 "
2

The maximumn value of y in the integration is R if n 1 O 1 and R n1 if n 1 < 1.

the total energy absorbed by the pai','ulate can then be expressed as.

I T R 2 F, where the efficiency factor F is defred as 14

S~-11-
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Fig. 2;Za Path ofRay for n >1

Fiji. 2. 2b Path of Ray for n 1



,:m x nz 11 y2 (a R)
2(~R) R.\(2.3)

-(1 + 2oR) a

Results obtained by using Eq. (2. 3) with n 1 = .8, n2 = .2 and

=10.6 p are given in Fig. 2. 3. The values predicted by the Mie code

are shown for comparison. Three limiting cases are also plotted; they

are (1) the Rayleigh limit

where n n- i n., (2) the surface absorber limit

2
F n1

and (3) the volume absorber limit
4R 2

F=T-3 n I

The Mie code approaches the Rayleigh limit for small R, thereby suggesting

that the code is reliable even for nI < 1. The ray optics prediction approaches

the surface absorption limit for large R and volume absorption limit for

- small R. This behavior for small R is the correct mathematical limit for

ray theory, but is not the correct limit for the physical phenomenon since

the requirement ), « R is no longer met. In the regime of interest, R = 15 Pi,

ray theory predicts 61% absorption whereas Mie theory predicts 87% absorption.

-13-
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The value from Mi. theory will be used for calculations which require only

the total energy absorbed. For calculations concerned with local energy

deposition the ray theory predictions will be used to suggest the maximumn

energy deposition rates within the particle. The assumption we mnake in

this ap,)roach is that the enhanced absorption of Mie theory comes from

stronger absorption in regions where ray theory does or predict much

absorption, whereas the maximum absorption rates whiLcn generally prevail

are unaltered.

The discrepancy between the two theories suggests that calculations

accurate to better than 30%1 require a complete analysis using full Mie

theory to study deposition. Such an ambitious project should not be under-

taken, however, without also understanding how to incorporate the effects

of both spatial variations of the index of refraction (caused by non-uniform

heating) and non-uniform surface recession (caused by vaporization). (Of

course many other factors, such as particle motion, which are neglected

in this report, are also important for more accurate calculations.)

Predict-ion of the time when vaporization commences requires

information about local energy deposition. We can qualitatively study

local deposition via ray theory. In Fig. 2. 4 several rays are shown

striking an Al 03 particle. The path of the ray directed towards the center

is not changed, therefore the energy deposition along its path is proportional

to cL e Zwhere z is the distance along the ray from the front

surface. Two competing processes influence the deposition rate at other

interior, points. The convex shape of the interface causes rays to diverge

after passing into the particulate, hence the intensity in the interior drops

faster than e due to the geometric spreading. On the other hand, the

initial effect of the change in direction on passing through the interface is

to squeeze the rays together, thereby creating a more intense beam. There.

fore, at the surfaces, the intensiby, and hence the absorption per unit volume, is

enhanced. The numbers in Fig. 2. 4 associated with each ray in the relative

intensity immediately inside the particulate. The numbers along the central

[ -15.-
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ray represent the intensity at interior points if defocussing is neglectee..

It is evident that "hot spots" exist where energy is absorbed much more

quickly than over the rest of the surface. The bulk of the particle surface,

however, absorbs at a rate only minimally above the absorption rate for the

central ray. Therefore bulk heating is characteriv.ed by a I
0

The final ingredients needed to predict vaporization time scales

are the thermodynamic properties of Al 2 0 3 in its various forms. The

JANAF 1 5 tables were used as sources of melting temperature, specific

heat. free energy and enthalpy of formation for solid Al 2 0 3 , liquid Al 2 0 3

and the vapor components A1O, A1O 2 , Al 2 0, Al 2 020 02 03, Al 0+, A 2 0+,
4

Al 0 0, "0 and Al 0 The energy levels and degeneracies of

16 + ++ +
Moore were used for the atomic species - Al, Al , Al , 0 and 0

The vapor pressure above the Al 2 0 3 liquid surface at any temperature T

was determined by an equilibrium code calculation which solves the

equations relating species concentrations in thermodynamic enuilibrium.

A plot of vapor pressure versus T is given in Fig. 2. 5, along with the
0

enthalpy of the vapor. The boiling point is thus determined to ba 4000 K

and the heat of vaporization at 4000°K is found to be 2. 02 x 106 J/mole.

It can be seen from Fig. 2. 5 that the enthalpy per unit mass does not

change appreciably over the temperature range displayed. A summary

of useful thermodynamic properties of Al 0 is given in Table 2. 2.

Thermal conductivity and density were taken from the AIP handbook. 1 7

The time -r at which the surface begins to vaporize is given by
v

, =pAh/l (2.4)
v 0

-17-
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Fig. 2.5 Vaipor Pressure and Specific Enthalpy of A12 0 3 vapor in
Equilibrium with Liquid Al 2 C 3 .
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TABLE , 22

Properties of Al 2 0 3 Used in Calculation

"Quantity Symbol Value Ruf.

Density P 3.8 g/cc 17 1

Specific heat (average) c 1. 4 /gK 15

Atomic weight A 101.96 15

Thermal conductivity . 1 W/cmK 17
(average)C

Melting temperature T 2315 K 15m
Normal boiling point T 400 K equilibrium code

V
Heat of fusion h 1. 19 x 10 J/mole 15m

1.67 x 10 J/g

4.43x 10 J/cm3

Heat of vaporization h 2. 02x 106 J/mole equilibrium code
V 41.98x 10 J/g

7. 53 x 104 /cm 3

Enthalpy difference between &h 2. 635x 106 /mole equilibrium code

gas at 40000 K and 1 atm 4
and solid at 300 0 K2.5x1J/an

4 39.8 x 10 J/cm 15

Real part of index of refrac- nI .8 10
tion (average)

Imaginary part of index of n2  .2 10
refraction

SBulk absorption coeffient. 2370 cm

-19-
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where p is the solid density and Ah is the energy required to change

Al 2 0 3 from a solid at room temperature to a vapor at the vapor tempera-

ture. For the purposes of this calculation AlO0 is assumed to vaporize

directly into the equilibrium vapor constituents. It is shown in Fig. 2. 5

that the enthalpy of the vapor does not change appreciably as the vapor

temperature is raised. Therefore a constant value of A h = 2. 63 x 106

"J/mole = 2. 58 x 104 Jig is used to calculate T . This corresponds to a
v

vapor pressure of one atmosphere and a vapor temperature of 40000 K.

We find for X 10. 6 P that the fluence required to vaporize the surface is

I Tv =41.4J/cm2 (2.5)

where I is the incident laser flux. In the range of intensity of interest,
0

bulk vaporization commences from 5 to 14 microseconds after start of

the pulse. As an aside it should be noted that the requirement of 41 J/cm2

to cause bulk vaporization does not conflict with the observed breakdowns
2 'shown in Fig. 1. 1 which occur with only 10 J/cm fluence. These observa-

tions are made at high intensities where bulk vaporization is not required

to initiate breakdown. Indeed, the "hot spots" mentioned earlier vaporize
2

before 10 J/cm is received and their vaporization may be sufficient to

induce breakdown at high intensity.

The calculation neglected thermal conduction within the particulate

and conduction losses at the surface to the air. The losses to the air are

minimal. As will be shown in the Section 3. 5 the flux at the surface into

the air at time t is given by

R_
+- I

q I& l + .1TTKt j(2.6)
=R

": i -20-
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where X is the thermal conductivity of air (5.85 x 10r W/cmK at 4000h K

and one atmosphere), AT is the temperature difference between the surface

and the initial air temperature and K is the thermal diffusivity of air

(32. 8 cm 2/sec at 4000 K and one atmosphere). The maximum flux occurs

when the liquid reaches the vaporization temperature, but before any of
the heat of vaporization is added. For T = 4000°K, I = 5 x 105 W/cm 2

0 4

AT = 3700K, this time is given byt- 9.6/I°= Zpsec. Then q 1.6 x 10
2

W/cm is the maximum flux expected to be lost through conduction to the

air. However the rate of energy deposition immediately below the surface
=1010

is mI = 1. 2 x 10 W/cn± . Clearly the conduction losses can be supplied

by the energy deposited in a very thin surface layer.

A potentially more serious effect is thermal conduction within the

particle. The thermal diffusivity for A12 0 3 is found from Table 2. 2 to be

-2 2
1.8 x 10 cm /sec. If thermal conduction is ineffectual, the temperature

profile at time t is given by

I t ae

T (z) O

p c~pc

where z is the distance from the surface. For this profile, the local source

term due to thermal conduction is

2
d T 31 tazK

2 0 TC

which is to be compared to the source term due to laser absorption

SL =XI e * Their ratio is

LT/s 0
2S /S OL Kt

TC L



~ff A

I' As before the time over which the sources are to be compared is the time
required to reach the vaporization temperature. For I = 3 x: 10 W/cmI ~~ -60
the time is 3 x: 10 sec which leads to a ratio of . 3. Therefore, even

at its maxcimum value, thermal conduction is small comparad to laser

heating.

Having established the shortest time for bulk vaporization to occur,

we now characterize the time to vaporize a given fraction 0 of the particle.

In developing a simple model for this process we assume that all the

absorbed energy is effective in vaporizing the particulate. Under the

further assumption that the absorption cross section does not change I

significantly during vaporization we find the relationship

2 417R 3
t I17R F p Ah 3(2.7)

where, as before F is the efficiency factor and Ah is the energy required.

For a 1.5 p. particle of Al 0 with F =. 87, the time to change a fraction
2 3

of the particle to vapor at one atmosphere alid 4000 Kis given by

2
Io to= 225~ J/cm (2.8)

Of course for small the prediction is obviously incorrect -vaporization has

not begun. In the limit of small 0 the correct time is the sum of t and TV

The approximation should be reliable as approaches one, however, -,ince

then all the absorbed energy then contributes to the vaporization. The time

t Dredicted by Eq. (2. 7) is tabulated in Table 2. 3 for three Yalues of I
0

and 6'hree values of P. Clearly a major portion of the observed breakdown

time is spent producing the vapor. It should be kept in mind that the time s

predicted by Eq. (2. 7) are only rough estimate s. It is not known how the

energy absorbed change. once vaporization begins to change the geometryt of the particulate,



TABLE 2. 3

Characteristic Times for Vaporization of a Al2 03 Particle
i R=Il5p

SI " •125 658 •1.00

i [W_/_cm_ ] [psec] [sec] [I sec] Sec]

r6 3 x 10 13.8 9.4 49.4 75

5 x 106  8.3 5.6 Z9.6 45

6I
8 x 106  5.2 3.5 18,5 28

T tirre vaporizations commences
v

T time to Vaporize a fraction S cf the particle
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The second stage of the breakdown process presupposes a pure cloud

of the vapor exists. However, a pure cloud cannot be formed unless the

vaporization rate is much faster than the rate at which the vapor can diffuse

into the air. It is common to assume that a pure cloud will, be formed if

the pressure of the vapor at the particle surface is above two or three

atmospheres, An estimate of the pressure of the vapor at the interface

can be made as follows: The mass flux is determined by the heating rate.

In the limit of one-dimensional steady state recession the mass fhtx per

unit area p u is related to the laser intensity, which is as:;umed to be
s s

entirely absorbed, by

p u Ah =I
s 0 0

where, as before, Ah is the enthalpy required to change a solid to a vapor A
at the required conditions. The temperature and vapor pressure are related

as shown in Fig. 2. 5. For the present estimates, a constant value of
6

Ah = 2. 63 x 10 J/mole can be used. Under the assumption that there is

massive vaporization, the velocity of the vapor, denoted by u, assumes

its limiting value, the sonic velocity, which defined by

uv y RT

where R is the ideal gas constant and y is the ratio c .c . Furthermore,

using both mass continuity at the interface,

P U P U'

asa v v

where P vis the vapor density, and the ideal gas law,

"p ýp= RT ,

"obtain the approximate relationship
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SREIp o. T (2,9)
Ah

or

p [atm] 8. Z x 10-[7 1 W/cm2 . (2.10)

Equation (2.91 •s expected to predict reasonable values of the pres-

sure whenever stecady state recession is approached. Immediately after

vaporization conmences, the pressure is higher than the steady -Ate value,

but for the time scale required to obtain appreciable vaporization. che steady

scate pressure is representative of the average pressure.

Several values of p as determined by Eq. (2. 10) are given in

Table Z.4. The equation breaks down for low pressures because u is'. V

no longer the aonic velocity. It should hold, however, for the pressures

of interest, that is, for pressures greater than two or three atmospheres.

From Eq. (2. 10) then, a reasonable threshold-intensity for production of

a pure vapor is 3 x 106 W/cm2 . This criteria agrees well with the observed

threshold, which suggests that a pure vapor cloud is indeed needed.

The pressure calculation does not involve the particle radius; it only

demands that the particle be large enough.to justify the assumption of

steady state recession. Therefore a lower limit has been calculated which

is valid for the production of a pure Al 0 vapor over even a semi infinite
2 3

plane, Xf breakdown does indeed require a pure cloud, then large particles

should have the same intensity threshold as the 30 pa diameter particles of

2 3
To summarize, the rough estimates of the time to the start of vapor-

ization, the time to vaporize an arbitrary fraction of the particle, and the

vapor pressure above the interface are consistent with experimental observa-

tions of the delay time. Furthermore, it has been shown that the threshold for

• •~~~~~~~.. . . . . . . . . . . . . . ... .. •••.•....• # ,.. ..... ... .. .....



TABLE 2.4

Pressure as a Function of 10. 6 p Laser Intensity for
A12 0 3 - Assuming Steady State Recession and Rapid Vaporization

I1 [W/cm2] p [atm] Tvapor [K]

S106
106 .82 3960

2 x 106  1.6 4110

3 x 106  2.5 4210

4 x 106  3. 3 4280

5 x 106  4.1 4340

6 x 106  4.9 4390

7 x 106  5.7 4430

8 x 106  6.6 4470

-- 26-
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7 2-

production opueAl 03 vao is about 3 x10 6.,.....2 for 10 radiation.

Finally the time required to produce the vapor cloud is a significant portion

of the delay time observed before breakdown.

The final subject to be discussed in this section is how these predic-

tions for vapor production change as the laser wavelength and particle

composition are altered. For the calculation Of T v the important quantities

are the energy required to vaporize a unit volume, p Ah, and the energy

L deposition rate per unit volume, denoted by a L. It is important that

the maximum value of MI be used. For MR to> 1 the maximum occurs at the

front surface, but for a R d~ 1 the ma~ximu~m value may oecur at

the back of the particle because of for-using effects. SiO2 particles may show

this effect. The time to vaporize a given fraction a of the particle is once

again given by Eq. (2. 7). Only the composition of the particulate affectsI

p Ah, but both the composition and the wavelength affect F. The pressure

of the vapor is related only to the composition, under the assumption

that the recession rate is steady. This assumption, however, is valid

only if t:'-.e laser energy is absorbed reasonably close to the surface;

therefore the applicability of Eq. (2. 9) depends upon laser wavelength

as well a-s composition. As a final comment, it should be noted that

Al 0 has a small imaginary index of refraction at short wavelengths.
23 -

In fact, at 3. 8 j.,the bulk absorption coefficient is of the order of . 3 cm-
-1

rather than 2370 cm. . The particle is effectively transparent and does

not vaporize. Long pulse Al 20 3induced breakdown at 3. 8 p. will not occur

at the intensities studied here, although it may still occur at these intensities

for other particulates.
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3. VAPOR CLOUD HEATING

The second stage of the long pulse breakdown process is the heating

of the vapor cloud by the laser. In this section two simrple models are used

to estimate both the time to heat the vapor to 20, 000 0 K and the threshold

intensity below which the vapor will not heat. One model is appropria~te

for short times; it assumes that the vapor in the center of the cloud is

effectively insulated from the cold air by the outer layers of vapor. The

other model is appropriate for longer times and slow heating. Thermal

conduction is able to establish a temperature profile wherein the losses

are effectively distributed over the complete vapor cloud. In both models

the heating is assumed to occur slowly enough that the pressure remains

constant and the composition of the vapor cloud is determined by thermo-

dynamic equilibrium. The constant pressure assumption is reasonable

since the heating is known to take several microseconds, whereas the

characteristic time for equilibriating pressure is of the order of . 3 micro-

seconds. The chemical equilibrium assumption, at least in the beginning

stages, involves the rate of dissociation of molecules. Characteristic

times for establishing chemical equilibrium at 4, 000 0 K are also expected

to be less than a microsecond.

3. 1 Initial Conditions

Before the models can be exercised the initial conditions must be

determined. Since the pressure equilibrates with the surrounding air within

. 3 microseconds, the vapor cloud starts (and remains) at one u~tmosphere.

The initial temperature is then expected to be near 4000 0 K - otherwise the

vapor should liquify. A more accurate estimate of th~e initial temperature

I ~can be calculated as follows: Given a value of the incident laser intensity I,
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3. VAPOR CLOUD HEATING

The second stage of the long pulse breakdown process is the heating

of the vapor cloud by the laser. In this section two simple models are used
a

to estimate both the time to heat the vapor to 20, 000 K and the threshold

intensity below which the vapor will not heat. One model is appropriate

for short times; it assumes that the vapor in the center of the cloud is

effectively insulated from the cold air by the outer layers of vapor. The

other model is appropriate for longer times and slow heating. Thermal

conduction is able to establish a temperature profile wherein the losses

are effectively distributed over the complete vapor cloud. In both models

the heating is assumed to occur slowly enough that the pressure remains

constant and the composition of the vapor cloud is determined by thermo-

dynamic equilibrium. The constant pressure assumption is reasonable

since the heating is known to take several microseconds, whereas the

characteristic time for equilibriating pressure is of the order of . 3 micro-

seconds. The chemical equilibrium assumption, at least in the beginning

stages, involves the rate of dissociation of molecules. Characteristic

times for establishing chemical equilibrium at 4, 000' K are also expected

to be less than. a microsecond.

3. 1 Initial Conditions

Before the models can be exercised the initial conditions must be

determined. Since the pressure equilibrates with the surrounding air within

3microseconds, the vapor cloud starts (and remains) at one atmosphere.
The initial temperature is then expected to be near 4000 K - otherwise the

vapor should liquify. A more accurate estimate of the initial temperature

can be calculated as follows: Given a value of the incident laser intensity I0
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the vapor temperature T and the pressure p of the vapor at the surface
of the particulate are found from Fig. 2. 5 and Eq. (2. 10) respectively.

The vapor expands to one atmosphere in a fraction of a microsecond.

Therefore, the laser heating during the expansion should be negligible

and the initial temperature T of the vapor cloud corresponds to isentropic
5

expansion of the vapor from p. and T to one atmosphere and Ts. A plot

of T versus p for Al 2 0 3 , as determined by the equilibrium code, is

given in Fig. 3. 1. Of particular interest are the values 39400K and 3870°K
6 2

which are reached when the laser intensities are 3 x 10 W/cmr and
16 2

8 x 10 W/cm respectively. These values straddle the i-..resting range

of intensity. Since the values of T lie so close to the noi-mal boilings

point the calculations performed in this section are made with a constant

initial temperature of 4000 K. For completeness, however, the various

physical parameters are evaluated for temperatures as low as 3500oK.

The last parahoter to be determined is the initial vapor cloud size. A

fraction • of a A12 0 3 particle which is 15 p in radius produces a vapor
o 1/3

cloud at 4000°K and one atmosphere which has a radius of 352(0) microns.

3. 2 Physical Parameters Required by the Models
The local equation governing the temperature history of the vapor

is

p (T) c (T) 7t K' (T) I - V" S- V X (T) v T
p 

(3. )

where p is the density, c the specific heat, K the effective laser absorp-
p L

tion coefficient, S the radiative flux produced by the vapor and X the
C

coefficient of thermal conductivity. Approxirartions for V , S and V . X V T,c
which are made later in this section, depend upon the vapor cloud radius

R (T). The use of the incident laser intensity I throughout the entire

volume assumes that the cloud is transparent to laser radiation. The
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Fig. 3. 1 The Relationship Between the Pressv-"e of a A1203 Vapor Cloud in
Equilibrium with Liquid A1203 and the Temperatuare of the Vapor

after Isentropic Expansion to One Atmosphere.
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It

values of KL and R determined in the following subsections justify this

simplification. In the subsequent subsections, the physical parameters p,

R(T). KL (T) -ind X (T) are discussed, and the models for 7" and_.P
Y • t T are described.c

3.3 Parameters Determined by the Equilibrium Code

The equilibrium code gives the density, enthalpy and specific heat

of the vapor in additiL-i to the concentrations of the various species. In

Fig. 3. 2 we plot the pro& uct p c . The large values at low temperature
p

indicate that a large fraction of the total energy must be supplied in the

initial heating. In Figs. 3. 3 and 3.4 the mole fraction of the various

species are shown. Figure 3. 3 gives the composition for low temperature

where many molecular species are present and rapid variations in the

composition occur within a few hundred degrees. Figure 3.4 displays the

relative concentration of ions, electrons and atoms over the complete

range of temperature of interest. The density of the vapor cart be used to

determine the radius of the vapor cloud. In Fig. 3. 5 the radius is given

as a function of temperature for three values of E.

3.4 Laser Absorption Coefficient

Two types of transitions can absorb laser radiation: free-free transi-

tions of electrons during collisions with heavy particles, and molecular

transitions between states of different vibrational and rotational quantumn

numbers. The electron transitions - called inverse Bremsstrahlung - absorb

for any wavelength of laser and their absorption cross section scales roughly

as wavelength squared. Molecular transitions, on the other hand, occur

over limited frequency bands, and a change of laser wavelength may strongly

enhance the absorption or eliminate it entirely.

The inverse Bremsstrahlung absorption coefficient is given by

,L 1. 4388 3 w/T)•~K:L=(-e Q, n, ne (3.2Z)
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Fig. 3. 2 Specific Heat Per Unit Volume of Al 03 Vapor in thermo-

dynamic Equilibrium at One Atmosphere.
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11
where w is the wave number of the laser radiation in cm , T is the

temperature in °K, n is the concentration of elec¢trons, n. the concentra-
e1th e

tion of the i species and Q. the average cross section for absorption of

a photon of wavenumber w by an electron colliding with a particle of species i.
For charged species the cross section can be approximated by the product

of the Gauw,. factor g, given by Karzas and Latter, and the semiclassical
19

formula of Kramer:

6 2
4-1/2 e Z,

"4  3 (3.3)
. e c M-L h Li)

• e p

where w is the wave number of the radiation, mr is the mass of the electron,

h is Planck's constant, k is Boltzmann's constant, e is the charge of the
p

electron, c is the velocity of light and Z. is the charge of the particle in

units of electron charge.

The cross section of the neutral species is not accurately known
-36 5

although typical values are o.1 the order of 10 cm . We used the following

estimates of 0 for the neutral species. For Al, a highly polarizable atom,
20

the expression of Hyman and Kivel and the polarizability given by Teachout
21

and Pack were used to predict the cross section

3 -36
QAt = 64 (T/10 10" . (3.4)

The cro.s sections for 0 and 02 were deduced from the experimental values
Caleonia 2 2

given by Taylor and Caledonia. All others were guessed by usi'ig the

predictions for Al, 0 and 0 as guides. The cross sections used herein are

listed in Table 3. 1. The prediction of neutral and charge inverse Drem-

sstrahlung absorption coefficients for 10.6 pt radiation and equiiibrium Al 2 0 3

vapor at one atmosphere are plotted in Fig. 3. 6. The total inverse Brem-

sstrahlung absorption coefficient is shown as well. The rapid iicrease of

K with the temperature suggests that the initial heating of the vapor accounts
L

for most of the time consumed in the vapor heating stage. Electron-neutral

inverse Bremsstrahlung dominates in the low temperature regime.

-37-
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Fig. 3.6 Laser Absorption Coefficient from Inverse Bremsstrahlung.
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TABLE 3.1

Species Estimated Q for 10. 6 p Radiation

(cmj

Al .64 (T/10 ) 10-36

0 3 x 10 3 6

0 •02 1.2 x 103

* A1O 6 x 1036
A12• 1035

Al 0 1. 2 x 10-
2

AIOC 1.2 x 10"35
Al aI0 1. 2 x to-"35

i2 2

t

-39-
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The other mechanism whereby 10. 6 p radiation can be absorbed in

molecular absorption. Among the molecular species in Al 0 vapor only
2 3

AlO has its vibration-rotation band near 10. 6 p. In order to estimate the

absorption accurately the precise wave number of the laser line is required.

The laser used in breakdown experiments lases mainly on the P(20) line of
23

CO, although it often fires on the P(18) and P(22) line also. The wave
24

numbers of these lines, as given by McClatchy and Selby are listed in

Table 3. 2. For the temperature and pressure of interest the lines of the

A10 vibration-rotation transitions are narrow; therefore the absorption

coefficient must be calculated by summing the contributions of individual

lines rather than by using an overlapping line model. We used the following
2 +

method to compute the absorption. The energy levels of the AlO X E state

are given by

2 1S(W -W x)v wx +B J(J+l)-m (v+-)J(J+ 1)
e e e e e e 2

(3.5)

1 2-[De+ (v+!)e[J(J+1)]2 forv 0OandJk 0.
e 2 e

The zero of energy is chosen to be C , and the values of the constants25 0,0
as reported by Sulzman are listed in Table 3.3. The R branch transition

R
(Av = 1, AJ = 1) from the v, J state has wave numnber j which is given by

2W - 2WOx (v+l) + 2(v+1) [Be -(v+l) t-1J+1][J+zJ%; ,J We e e ee e

(3.6)

-4[D +(v+-)Oe][J+l]-3 (J+l)2 (+2)2 forV 20, Jk 0
e Zee

i I -40-
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TABLE 3. 2

Precise Wave Numbers of CO 2 Lines (From Ref. 24) -

P(22) w 942. 380 cm~

P(20) w =944. 190 cm

P(18) w=945.976 cm

A

IA

-41.
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TABLE 3.3 3

Molecular Constants for AIO X-E State
(From Ref. 25)

-II
w = 979.23 cm

e
-I

w X = 6.97cm
e e

B = .64136 cm
e

.0058 cm
e

-6 -1
D = 1.08x10 cm

e
= 2 lO8 c-1
2x 10 8 cm 1
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r 
p.

whereas the P branch transition (ALV = 1, A = - 1) has wave number w P'j
given by

j ) 2W-Z x (v+l)-ZJ [Be -'(v-'& e J(J'-l)e+4 3[D

'V'j e Iss2 e e Is 2

(3.7)

S(i + 1)2 8 for v 0 and J 2l.

e

The Q branch transition (,N = 1. AJ 0) is not present for a

E state. In terms of the integrated cross section for a given R branch

transition, which we denote by c f the integrated absorptionmc Vp J

coefficient for the transition is

-1. 43883 e /T
2 e P, e2

S KL (W) dw nAIlO zcc f (3.8)

line elvJ

where Ze 1 • . is the partition function for A10, including electronic,

vibrational, and rotational states, 2 is the electronic degeneracy factor
2 +of the ground state X A1, n is the concentration of aluminum oxide mole-

cule, e is the charge of the electron, m is the mass of the electron and

c is the velocity of light. An analogous formula holds for the P branch

transitions.

The detailed line profile L (w) must be used to determine the

absorption coefficient at the laser wavenumber. Two mechanisms broaden

* the molecular rotation lines: (1) Doppler broadening which has a half-half

width given by

)1/2bD ( c2) 0 3.6 x 10"7 Wo [cm] (3.9)

-43-
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where w is the wave number of the line, M is the mass of AIO and A isO

its atomic weight; and (2) collision broadening which has a half-half width

b . The parameter b c, for most molecules, is of the order of . 08 cm

at 3000 K and 1 atmosphere, and it scales roughly as 1/,/T at constant
: 26

pressure. In the regime considered here, collision broadening is

5 times larger than Doppler broadening, so that the Voigt line profile
S~27

closely ressembles a Lorentz profile with an effective half-half width
given by

bc = bD + bc (3. 10)

The profile function is then given by

L (w) - b/

b2 +2(-w (3.11)

0

The total effective absorption coefficient for a laser line wL is determined

by summing over the contributions Irom all lines and by then multiplying

by (I - e"1.43883 L/T ) in order to include simulated emission. Applying

this procedure to Eq. (3. 11) and (3. 8) we find

1 -1. 43883 w/T e2 n__.4_83 eT
(L 1 -e e 1 e AlO v

Lel, V,J

(3. 12)

R R pf b Inr fV bV /'rr
V , VIS + v3 ,
R2 + R 2 2 p 2

bV W, L) ( b "I ( V, P) "

where b R and b P are the half-half widths of the R and P transitions

respectively, from the v, J state.
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The final ingredients needed are the f numbers of all the transitions.
Fortunately the f numbers of differen~t vibrational- rotational transitionsl

are related by simple formulas. The quantum mechanical formula for the

f number is ni tr

2 28r2 m C2 W•2

e 2 (. (3.13) J
3he ]

where M is the electric dipole moment of the transition, m is the mass A,
e e

of the electron, c is the velocity of light, h is Planck's constant, e is the
p

charge of the electron and w is the wave number of the transition. Only

w and M change for different transitions. For a molecular system witheI
the energy levels approximated by an harmonic oscillator, the only

transition moment is between adjacent vibrational states, N, = 1.

Furthermore the strength of the transition moment is proportional to

(v + 1). (Hereafter we call this the harmonic scaling law). Finally the

relative strength of the two allowed angular momentum transitions are given
J+l Jby the H6nl-London factors: J+ for R transitions, for P transi-

for Rtastos 23+ 1

tions.

Therefore, if the f number for one transition, say the R transition

for V = 0, J 0 is known, the f numbers of all other transitions are given by

R
R J+l R V) JýV, J -23+l fo0 R

o0(3.14)

p ISP J (R• V1 R

f. - (+ 1
VJ 2J + 1 f0 0  R

.0,0
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The value of f has been theoretically predicted by Michels. One
-6

model he used predicted f = 8. 58 x 10 for v = 0, and transitions from

high v states were found to be close to (v + 1) f. Furthermore, 1w * 1

transitions were surpressed. Unfortunately another model led to the value

f = 1. 25 x 10-. However, for the most importaut transitions in our

calculations, the transitions from the v = 5 state, strong anharmonic effects

in the second method of calculation reduce the f number to 5. 15 x 10-

which agrees well the value 6 x 8.58 x 10-6 which is given by the first

model and the harmonic scaling law. Therefore, the f number of

8. 58 x 10 and the harmonic scaling law were used in our calculations.
We assumed that the value quoted is correct for the f transition, 29and

0,0

that Eqs. (3. 14) define all the other required f numbers.

Calculations of the absorption by Al 2 0 3 vapor for the P(18), P(20)

and P(22) lines of CO were performed by using Eqs. (3. 12) and (3. 14),

f = 8.58 x l0-6 and bc = . 0/300/T . The results are shown in Fig. 3.7.

The dominant laser line, P(20), is seen to be also the most strongly absorbed:

hence breakdown most likely occurs when the laser lases on the P(20) line.

All subsequent calculations therefore assume the laser fires on the P(20)

line. The total absorption coefficient is plotted in Fig. 3. 8. It can be

seen that molecular absorption in A10 exceeds inverse Bremsstrahlung

absorption in the crucial low temperature regime.

The molecular absorption coefficient is very sensitive to two factors -

(1) the position of the laser line and (2) the collision broadening of the lines.

In our calculations reliable values of the line positions were used, but the

collision broadening was only estimated. If the true half width is much

larger than the value used here, absorption is enhanced; if it is much

smaller, absorption is hinderad. More accurate predictions of molecular

ahsorption require reliable values for the collision half widths.

-46-



-3 __ _ _ __ _ __ _ __ _ _ _10

-4

3500 4000 4500 5000
T [K]

Fig. 3. 7 Contribution of Molecul~ar Absorption to Effective Absorption
Coefficient of 10. 6 p. Radiation for Al 2 0 Vapor in Equilibrium
at One Atmosphere. The coefficient is shown for three separate
CO2 laser lines.
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Fig. 3. 8 Total Effective Absorption Coefficent for P(20) Laser Line by
Al 0 Vapor in Chemical Equilibrium at One Atmosphere Pressure.
The molecular absorption contribution and inverse Bremsstrahlung
contribution are also plotted,
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3. 5 Thermal Conduction Losses

The dominant loss at low temperature is thermal conduction of

energy from the hot Al 0 vapor into the cold surrounding air. TheI~ 23
losses at any given time depend upon the local temperature profile, which

itself is determined by the past history of vapor production, laser heating

and thermal conduction losses. In this report, however, a simplistic

model has been adopted wherein there is no significant heat addition or loss

during the production of the vapor cloud, and, once the cloud is formed,

it heats without further production of vapor from the particle.

The magnitude of the losses from the vapor cloud due to thermal

conduction are estimated by determining the losses from a sphere of

radius R(T) which is maintained at a constant temperature T. The l'osses

are therefore characterized by the thermal behavior of the air; that is,

by solving the equation

(Pc i _ . (re cX (3. 15)
r

in the region r k R, where p c pand X care the density, specific heat, and

equilibrium thermal conductivity of air. In making this approximation, it

has been assumed that the t~ransport of energy caused by the diffusion of

Al 03 vapor into the air and the simultaneous diffusion of air into the Al 03

vapor is well approximated by the self diffusion within air itself. This

approximation seems reasonable since the diffusion velocities of all heavy

components are expected to be of the same magnitude.

The time dependent solution of Eq. (3. 15) for constant X and
c

p for initial air temperature T 0 and for vapor temperature T is given

by 0
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where K is the diffusivity X /p C. The energy flux at the surface of the

vapor cloud is simply

Xr =T R 0 + R (3.17)

r=R

For short times the transient term R/r/rKt can dominate, but for long times

the conduction losses approach a steady state value of X (Tv- T )/R.
V 0

The steady state limit can also be determined for variable Xc (T).

The requirement that BT/Bt be zero reduces Eq. (3. 15) to

2 dT
r ?(T) = constant. (3,18)

Invoking the conditions T (R) = Tv, and T(r c o) ; To, we find

To TT(r) T

rJ X(T) dT R X(T) dT . (3.19)

T T0 0

The flux at the surface is then given by

T

• f X (T) dT
! T

dTT
.d, • o R (3.20)
di r -- R

r=R
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The quantity S).dT for air is plotted in Fig. 3.9. The values of X (T) were
31 0 00

taken from Yos for T k 2000 K and from Ref. 32 for Z000 K z T k 300°K.

Thermal conduction losses are calculated as surface fluxes. It is

necessary, however, to know how those losees are distributed within the

volume of the hot vapor cloud. For short times, the losses occur entirely

"within a small layer of vapor adjacent to the cold air. At long times, a
situation is reached whereir. the losses are spread uni.formly over the

vapor volume. Therefore it is important to determine when the losses

affect the vapor cloud as a whole, ratrne. 'i.e outer layers. A
•,:crude estimate has been made as foilowvs: The solution for the cooling of

a sphere initially at temperature T., in the absence of any heit sources,

is given in Ref. 33. Inspection of a plot of the solution suggests that the

central temperature drops 5% when./Kt/RZ = .25. Assuming thaL thermal

conductivity of Al 2 0 3 vapor is the same as air, X = 5.85 x 0-o W/cm K,

and using p c of the vapor at 4000°K (1.3 x 10 J/cm ), we find the time
p

at which the losses affect the whole volume to be 17 psec for the cloud

formed by evaporating 65.8% of a Al 20 3 particle of 15p radius. This

L time will be used in subsequent calculations to determine when thermal

conduction effects are important.

3.6 Radiation Losses

The radiation losses were computed for a sphere of Al 2 03 vapor

assuming that atomic line radiation, atomic recombination radiation and

Bremsstrahlung were the important contributions. This assumption is

valid at high temperatures where the radiation losses from the plasma

and radiative transfer to the surrounding air are potentially important

factors.

The absorption coefficient for inverse Bremsstrahlung was deter-

mined from Kramer's formula (Eq. (3. 3)) with a constant Gaunt factor

of 1. 6. The calculation of the absorption coefficient for bound-free

transitions included the transitions from all the levels listed by Moore.
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Fig. 3. 9 Integral of Equilibrium Thermal. Conductivity of Air from~ 3000K to T,
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Estimates of the cross section of photoionization of the ground state were

taken from an survey of experimental data by Hudson and Kieffer for

Al and from the theoretical calculation by Thomas and Helliwell3 5 for 0.

The cross sections of all higher states were determined by the hydrogenic
36

approximation. The inverse Bremsstrahlung absorption coefficient

and the photoionization absorption coefficient were added together to

yield an effective continuum absorption coefficient. The total surface

flux for continuum radiation, including the effects of reabsorption, was

then determined for a sphere of uniform temperature T and radius R(T)

The flux attributable to atomic line transitions was calculated for

the lines and f numbers listed by the NBS tables for Al+, Al and 0.38 The

width was determined by the Stark broadening parameters of Griem. 39 The

flux frorn each lUe was computed without including the effects of other

lines or the continuum, but reabsorption b- the line itself was properly

included. The neglect of Al++ and 0+ atoms, as wel a-s the omission of

other broadening mechanisnms,can be justified by simple esti.rnates of

their cont•,ibution to the overall flux in the high temperature region.

Stark broadening dominates except at low termperatures where radiation

is unimportant. The 0' and Al ions may be plentiful, but their

emission occurs in the extreme ultraviolet which is an unimportant region

of the radiation spectrum,

The predictions for 12 . 15, . 658 and 1. 0 are plotted in Fig. 3. 10.

The continuum radiation tends to be small and transparent. The dominarnt

losses are from "blachk" lines. The losser, are seen to be very snmall at

low temperatures; however, they increase rapidly and dominate over

thermal conduction above 140GO0 K.

The calculations discussed above are suitable for high temperatures.

At low tenmperatures molecular emission may be significant. Fortunately the

only species which radiates in the important region of the spectral range at

low temperature is A10. Furthermore it is the most prevalent molecule.
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Fig. 3. 10 Radiation Flux at Surface of Vapor Cloud Formed by Evaporating
a Fraction of a Al 0 Particulate Which has a Radius of l5p..

Atomic lines transitions and photo recom-bination are the main

contributions.
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STherefore the contribution from all molecular emissions is expected to be
2 + 2 +composed mostly of the transition from the B E state to the X E state

40
of AlO. The oscillator strength for all transitions (v = 0, + 1) is

1. 12 x 10. The band occurs near w = 20635 cm'. Assuming trans-

.parent emisrion,which is the maximum possible emission, we find the

3 ao
radiation loss from molecular radiation to be 210 W/cm at 4000 K. This

loss is less than two percent of the absorption rate for I = 3 x 10 6 W!cm2 ,
0

thus molecular emission is unimportant for the determination of heating

rates.

3.7 No Loss Approximation

Shortly after vaporization begins, a layer of vapor is produced

which protects the vapor subsequently produced from the cooling effect

of thermal conduction into the air. In Subsection 3. 5 thc time for which

this prceection lasts was crudely estimated to be J 7 psec for a 65.8%

vaporized particle. Therefore the first few microseconds of vapor heating

occur uninfluenced by losses due to thermal conduction. rhe "no loss"

approximation, which is valid at short times, is described by

dT =K L 1 (3.21)
Sc d L o-

and the time to heat the vapor to temperature T starting from an initial

temperature T is found from
s

T

T I KL

Ts

A plot of T versus I t for T = 4000°K is given in Fig. 3.11. Since0 o

similar plots for different choices of T correspond to shifts in the origin

of the fluence co-ordinatenegative values of fluence were included. The

..... ....... . .
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•i • Fig. 3. 11 Temperature of Equilibrium Al O0 Vapor as a Function of Fluence-

No Loss Approximation. "XI is used to designate each one hundred
0degree temperature point from 3900 K to 4500 K.
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graph dramatically demonstrates that most of the time spent heating the

vapor occurs during the initial heating to 5000 0 K. In the "rno loss';

0
approximation, the fluence required to heat the vapor from 4000 K to

o 2
20000 K is approximately 71 J/cm . For comparison recall that the

fluence necessary to initiate vaporization is 41.4 J/cm2 while the fluence

Sneeded to vaporize a fraction • of the original particle having a 15

radius is 225 0 J/cm

If the heating always occurred without losses, the time to vaporize
0a particle and then to heat the cloud to 20000 K would scale as Iot. This

scaling breaks down at low intensity for two reasons. The first reason,

discussed in Section 2, is that a pure vapor cloud cannot be produced.

A second reason is that the vapor does not heat sufficiently rapidly to allow
0

lo&uses to be neglected. The time to heat the vapor to 20000 K "s very

sensitive to the temperature the vapor cloud has achieved when losses

become important. Using l7psec as the time over which the "no loss"

approximation is valid, we see from Fig. 3. 11 that an intensity of 3 x 106
2 oW/cm heats the vapor to 4300 K before losses must be included. If the

5 20intensity is 5 x 10 W/cm , however, the vapor reaches 200000K before the

17psec has passed. Thus it is only at the lowest intensities studied here

that thermal conduction losses become important.

It should be noted that the model of constant pressure heating in

thermodynamic equilibrium does not accurately describe the rapid heating
6 2

at high temperatures. Even for a flux of 3 x 10 W/cm the model predicts

that the vapor heats from 10000 K to 20000 K within . 3 pseconds - a time

of the same magnitude as the time required to equilibrate pressure and

maintain chemical equilibrium. However, since the heating rate at high

temperature must be slowed down by a factor of ten in order alter Che

total heating time significantly, the possibility of a non-equilibriun) vapor

is not pursued here.
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3. 8 Averaged Loss Approximation

Although the no loss calculations are applicable for strong beams, such
6 2

as 8 x 10 W/cm , as the intensity is loweredthe time to heat the vapor

becomes longer than the maximum time over which conduction can be neglected.

A simple method of accounting for losses is to average them over the entire

volume of the vapor. In earlier subsections S, X dT and SRAD have been

determined. The temperature history of the vapor cloud in an averaged loss

approximation is described by

di 3 r), dT 3 SRADdT ______ - (2.3)

pdt Lo R 2 R

The first calculation to be made in the model is the threshold intensity ITH
below which the laser cannot heat the vapor. The right hand side of Eq. (3.23)

must be positive for heating to occur, therefore the quantity

s sRAD)
KLR

is the laser Intensity which would just sustain the vapor cloud at a given

temperature. A plot of Is permits the threshold intensity for heating of

the vapor cloud to be determined by inspection. This quantity is plotted

in Fig. 3. 12 for three choices of I.

In no heating were to occur without losses being important, the

threshold intensity is 1.9 x 106 W/cm2 for an entirely vaporized particle.It -2/3
The threshold scales as for partially vaporized particles. Of course
it takes infinite time to achieve breakdown at threshold. Experiments

limited to a 100 Psec pulse length should observe higher thresholds, since

the breakdown must occur while the laser is on.
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In order to compare the trends predicted in this section with

experimental observations, we focus on vapor clouds with 0 65. 8%

since these are the largest clouds expected to be produced within

1004sec. From Fig. 3. 12 the threshold intensity is predicted to be
6 24.3 x 10 W/cm if losses are always important. In fact, however,

some no loss heating does occur, and the threshold is lowered. At
6 2

4 x 10 W/cm we expect no loss heating to occur for -" 17 4sec at which

time the typical temperature will be 5000°K. There is then no problem
0

heating the cloud from this temperature to 20000 K, even when losses are
16 2/mz

included. A more reasonable estimate of the thre. hold is 3 x 10 W/cm

0
No loss heating raises the temperature to 4300 K. Then the vapor can

heat at a rate determined by the averaged loss model. The additional

time to heat to temperature T is determined by

T
i- 13c dT

tT J, XdT p,
4300 KL I- 3-- + SRAD RL 0 R ,-

S16 2
This number has been calculated for • = 65.8% and I 3 x 10 W/c .

0
The primary difference between the no loss time and the averaged loss

time occurs during the heating to 5000°K. The heating takes 5 ýtsec in

the no loss calculation, but it requires Z7psec in the averaged loss model.

The total time to heat the cloud is 17 psec to reach 4300 K, another 27 Psec

to reach 5000°K and Zpsec for all subsequent heating. The total time, including

the time to produce the vapor, is 60 gsec if heating of the vapor commences
as soon as vaporization begins, but it is 96 jsec if the heating does not occur

until the full 65. 8% of the particle is vaporized.
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In order to demonstrate the importance of losses upon the heating

rate, we have plotted in Fig. 3. 13 the time rate of change of temperature

for two laser intensities. The heating r-tes for the "no lose" approximation,

as well as for the "averaged lose" approximation with • : 1. 0 and .= • 658,
6 2

are shown. The losses have only a small effect for I = 8 x 106 W/cm
0

but they are very important for I = 3 x 102 WLcm. Indeed, the

temperature at which the transition is made from "no loss" to "averaged

loss•" is crucial in determining whether or not breakdown occurs for • =. 658
6 2andI = 3 x 10 W/cm.0

In summary the models for vapor heating predict that the vapor heats
6 2

in times consistent with the observed delay times for I k 5 x 10 W/cm
6 02

The models also predict a threshold near 3 x 10 W/cm , but the delay

time near the threshold cannot be predicted unambiguously.

If the laser wavelength were changed to 3.8 .i, molecular absorption

would not be significant and inverse Bremsstrahlung absorption would drop

by a factor of ten. The threshold intensity would therefore increase by at

least a factor of ten. However, it is possible that other particulates may

produce vapors which absorb readily at 3.8 V, and which therefore may

heat rapidly at intensities well below the expected threshold for A120 3 .

Each particulate and each laser wavelength must be stwidied individually.

L
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Fig. 3.13 Rate of Change of Temperature with Time, as a
Function of Temperature for Equilibrium A12 O2
Vapor. Results for three models of losses and Iwo
laser intensities are shown.
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4. CREATION OF AN AIR PLASMA

A single particulate cannot cause breakdown without first

creating an air plasma, since the vapor remains transparent to laser
0!

radiation. Recall that at 20000°K the absorption coefficient KL is
-1

approximately . 6 cm and the radius R for an entirely vaporized particle

is only . 13 cm. Thus the maximum optical depth is 16. Ia this section

a simple estimate of the time to create an air plasniuz is miade.

First,the temperature at which the air efficiently absorbs the laser

energy must be determined. We adopt the terminology used in laser

supported combustion wave models and call this te.mnperature the ignition

temperature T.. For air the only absorption mechanism at 10.6 pi is1

inverse Bremsstrahlung. In Fig. 4. 1 a plot of the absorption coefficient

of air is compared to the absorption coefficient for Al 2 0 3 vapor. The

air absorption rate equals the vapor absorption rate at 14, 000°K. When

the air reaches the 14000°K, therefore, it is as effective as the vapor in

attenuating the laser beam. At intensities of interest, however, the air

may heat rapid, r at considerably lower temperatures. A plot of dT/d(t I)

for air is shown in Fig. 4.2. Rapid heating occurs when the rate of change
0 10

of temperature is 10000 K/psec = 10 K/sec. For a laser where intensities

are near 5 x 106 W/cm2 the value of dT/d(t I ) should therefore be of the3 2•

order of 2 x 103 Kcm2 /J. On the basis of the heating rate, the ignition

ternperature may he as low as 12000OK.

For simplicity we assume that the Al 2 0 3 vapor is at 20000 0 K. It

transfers energy to the surrounding air and thereby heats a layer of air

to I.. Once the temperature of the air reaches Ti, it is rapidly heated by

the laser to a high temperature - assumed to be 200000 K in the calculations
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•-Fig. 4. 1 Effective Absorption Coefficient at 10. 6 for Al 2O03 Equilibrium
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performed in this t.zction - after which the newly heated air can in turn

transfer energy to the surrounding layert. of cold air. The rate of

expansion of the plasma is given approximrately by

i': .- ~dR" .i
p Ah (Ti) 7 (4. i)

where p is the densit7 of air at one atmosphere and 20000NK, &h (T.) i

the energy required to heat air from 300K to Ti and q is the energy flux

from the hot plasma. An assumpticn implicit in Eq. (4.1) is that all the

flux q is effective in heating the air in the layer adjacent to the plasma.

The flux q has two components. For small radii, less than . 05 cm,
41.

thermal conduction is known to be uotrinart. For large radii the energy

flux is controlled by radiation. 4 Here we are dealing with a transitior.

zone in which both mechanisms contribute. In order to demonstrate that

the air is rapidly heated we specialize to a specific example. We choose

a particle which is 65. 8% vaporized. From Fig. 3. 5 the A 2 0 vapor cloud

is .09 cm in radius at the start of the air heating. The radiative flux

in the vacuum ultraviolet (VUV) is approximately 5400 W/cm . Of this

radiation only 200 W/cm2 lies in the range hv t 11 eV which. is the, spectral

region absorbed by oxygen and nitrogen atoms. The rest of the radiative

flux lies in the Schumann-Runge band of nrotecular oxygen. The fLux due

to thermal conductivity is giveu by (see Eq. (3. 17))

/ .

which, for air at 200000K and t = 106 sec, is 1.5 x 10 /cm 2 . Therefore

the total flux into the air from the hot Al203 apor is 2. 0 x 104 W/cm .

On the other extreme, once the plasma reaches . 5 cm in radius, the

L radiative flux in the region hv b 11 eV is enhanced and becomes nearly
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:•'C 0 W/i'2 " 4 c2.
&8'• X', 10 8 x Soothat the total radiation to 4. 3 x 10W/c The flux
due tn thermal conduction is smai! bbcause oi the preheating caused by

rr..8otha th, tota. diao s 4

radiation. AM ; firstapproximation, therefore, a value of q =. 0 x 10

SW./CM2 is uqed to characterize the full regime of interest. This leads to

a slight overestimate of the time necessary to produce large plasmas.

a slightThe velocity of the plasrra front can now be estimated. For:T. of
14 l000°K4 ;a find dR/dt 5 x 1 4Cm/ secý and for Tiof el2000°K, OR /dt'

increases to 7 x 10 4 cm/sec. At either rate the 'plasma doubles'in radius

in less .han two microseconds. If these estimates of expansion remain

accurate for radii as largeas .5 cm, it takes P maximum of 8 microseconds

to produca a plasma 1 cm in diameter (and perhaps the time -Is -"-slow as

6 gsec). The purpose of these calculations is to demonstrate that the air

plasma forms very rapialy after the vapor reaches high temperatures.

The details of the growth of an air plasma are discussedl in the next section.

The eff ct of laser wavelength and particle composition tipon this

stage of the'brea-kdown process is uncertain. The air heats at a slower

rate if the wavelength is shortened. However, at the inter sities considered

F here, the heating is still rapid. Since the laser is not directly responsible

.far the heating of tlho,. cold ai:., the most important parameters are the

temperuture and size of Ihe plasma core, not the laser intensity. Of course,

the temperature of the core is related to the laser intensity, but for the

intensities required to initiate vapor neating the core temper:ature of the
0

resultant plasma is expected to exceed 20, 000 K. In short, changes of

:, wavelength and particle comnposition are not expected to alter the estimates

of this section.
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S. AIR PLASMA DYNAMICS

The previous sections have dealt with the absorption of laser

energy by solid particles, which are either completely or partially

vaporized, and the transfer of the energy from the vapor to the surround-

ing air. The hot air is ultimately heated via inverse Bremsstrahlung

absorption until the expanding air plasma becomes opaque to the laser

radiation. This plasma propagation mechanism is similar to that of the

laser-supported combuistion (LSC) wave propagation. For a given

particulate distribution, it is difficult to estimate the corresponding initial

air plasma bubble distribution for a given pulse time and laser intensity

because the particulates may not be completely vaporized. Hence, in

this section, we will examine the air plasma growth dynamics with the

initial size assumed to be given. For simplicity, we will also ignore the

presence of particle vapor which may be important in some cases.

Initial Conditions

The late-time air plasma growth begins when sufficient energy has

been transfered from the vapor to the surrounding air such that the

high tem~perature air plasma begins to absorb the laser energy directly.

The initial size of the air plasma depends obviously on the size of the

vapor which, in turn, depends on the original particulate size, the fraction

of solid that vaporizes and the laser intensity.

As mentioned before, the particulates of interest are primarily

AlO0 Si and graphite. Now, consider the diameter of the solid parti-

culates to be 10 - 20 panm and the pressure to be 1 atm. Assuming that the

solid particulate. vaporizes at 1 atm and vaporization temperature T andv
that the equilibrium composition prevails at T , one obtains the vapor size

(for complete vaporization) to be several hundred pm, Table 5.1I.

-69-



Table 5. 1

i TvT
Particulates T K Components at T Vapor Diameter, Wrn

Al 0 3200 0, Al, AIO" 300 - 600
2 3

Sio 2  2500 SiO, 02 230 - 460

Graphite 5100 C 420- 840

The particulates may not be completely vaporized and the vapor diameters

would then be less than the above values. Assuming complete vaporization,

we arbitrarily take the initial air plasma size to be twice the average vapor,

1i. e., the initial radius Ri = 0. 05 cm. As will be shown later, the initial radius

will be parameterized. Finally from the effective laser absorption coeffi-
43

cient for 10.6 p radiation in air at 1 atm, one finds that the absorption

coefficient rises from 2 x 10 cm at 10, 000 K to approximately 0. 8 cm

at 15000 K. For simplicity, we choose the initial temperature, T, 14, 000,

which can also be parameterized to assess the effects of T. on the final

solution.

Laser Absorption and Plasma Emission

The phenomenology of air plasma growth involves coupled fluid

dynamics and radiant energy transfer. As the air plasma grows, the

energy transfer mechanism, which is analogous to that of laser supported

combustion (LSC) waves, is dominated by radiation. Since radiation is

expected to control the maximum temperature and the expansion velocity

of the air plasma, it is important to properly characterize the radiative

transport. The local radiative properties are determined by the effective
fl.awnn..)%.tr

4 3

- absorption coefficient for inverse Bremsstrahlung4

2!. 1/2 2 6• ne

) , }K•= g 3 (0) [n +4n++

0 (5.1)
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and

g 0. 55 An 27 T 4/ (p Xe1"

where k is Boltzmann's constant; S is Planck' a constant; c is the speed of

light; m is the electron mass; wL is the laser photon energy; T is the
eL

temperature; p is the pressure; X is the mole fraction of electron; andS~e
ne, n+, n++ are the number densities of electrons, ions and double ions

43
respectively. Pirri et al, have shown that the effective absorption

coefficient at 1 atm is approximately 0. 8 for temperatures greater than

14000 K (cf Fig. 5. 1). The initial diameter of the air plasma is of the

order of 0. 1 cm or less. Hence the source term in the energy equation

can be assumed to be volumetric absorption i. e., K I where I is the

laser intensity.
43

For the radiative emission from the hot air plasma, Pirri et al,

have shown that it can be divided into the transparent (w < 11 eV) and the

black (w > 11 eV) contributions. The transparent band can be written as

-10 j kT ai e ir/k'
ET 6.3 x1 Tn r n +4.2 a (5.Z)

lair o

where n is the number density of neutrals; Ir is the ionization potential
0 air

for air and q+/qo is the ratio of the partition functions of ions to neutrals.

The UV band (w > 11 eV),which accounts for most of the axial transport is

essentially blackand given by

• Z (kT)4 ®-
EB = Bdv= h dw (5.3)

SBh 3 cz J
11 ev leVe -

where
-- wSWkT
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B is the blackbody function and v is the frequency. For the present
V

calculations, we find that the cor'ribution from the transparent band is

negligibly small compared with the UV baud and hence the plasma

emission ir, the following analysiu will be represented by the UV band

alone. With the radiative transport model adapted as above, we can now

proceed to examine the air plasma dynamics by means of a perturbation

analysis.

Perturbation Analysis

Consider a spherical a&r plasma of radius R. The governing equation

for the growth dynamics can be written as

- + b (ou) + 2-' =°0 (5.4)

b'u bu 1 br• -+ u ~ r : - - s s

K Ir

be V 1+- dS" u - T1 h B, d (5.6)
~Tr -T TR Ah a) ,

p (Y - 1) exp (-e) (5.7)

2
K = c (5.8)

v 3/2T

3dR 21"kv T -hV/kT- • ( 5 .9 )
cit 2Ah• 0 c

a a

where p is the density; u is the radial velocity; S is the entropy; y is the

ratio of specific heats; C is the heat capacity at constant volume; Aha is

the enthalpy difference between the hot air at the edge of air plasma and

the. cold ambient air; the subscript a indicates ambient condition; and t

and r are time and radial distance respectively. Equation (5.9) is derived

by equating the UV band emission to the energy consumed by the ingestion

of cold ambient air which is then brought to the air plasma temperature.
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The above Eqs. (5.4) - (5. 9) can be normalized by the following characteristic
quantities; the initial sound speed, a = fyRTT the initial air plasma radius,

R and a heating time, T. Then the nondimensional variables are

Pi

1 a "0i a

and the conservation equations become

+ = 0 (S.10)

_•a ~ 0i Cv 1i (5. i/)

-- L T • 1. 13

atr

a 2

The characteristic heating time T has been defined as ¶ - pi Cv Ti Ri/I.

Two basic paramelter. appear in these nornmalized equations, the Boug~uer

Number, • 3 Kt R. which is the ratio ot the air plasma radius to the

absorption length at th. laser frequency, and the Boltzrnann Number,

S•= 0i~ Cv T.t a/I, which is the ratio of the convective energy flux to the i

; incident radiation energy flux.
For the laser intensity of 106 - 107 W/cm2 , the initial temperature

of 14000 K and the initial pressure of 1 atm, the Boltamann Number becomes

much legs than unity. If each of the dependent variables in the nondirnen-

sionalized equations is expanded in a series of functions whose coefficients

are powers ofB, i.e.T
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the equations can be reduced to sets of equations which appear as coefficients

of 0. The zero-order solution of the nondimensional momentum equation

provides

u =0
0

which indicates that there is no flow and that the growth of the air plasma

is by LSC wave mechanism alone. As a result, the problem is reduced to a
solution of the energy equation and the LSC wave propagation equation.

3bT 6yrV kT T -w./T
- = T -3h + 0 10 (5.14)

a I C R

3 2
BR° 2r k pi Cv Ti "W.i/T

c2 T e(5.15)
at o

a a

Equations (5. 14) and (5. 15) have been solved numerically for Ti = 14,000 K,
6 6 7 2P.I= 1 atm, R = .05 cm and laser intensity of 106, 5 x In6 and 10 W/cm

With the LSC mechanism alone, the temperature typically climbs from Ti to

an almost plateau temperature in less than one psecond. An exampletempera-

ture profile for I = 5 x 10 W/cm is shown in Fig. 5. 2. The air plasma growth,
0

on the other hand, is mininal as shown in Fig. 5.3. For a 100•gea pulse, the

final plasma radii at the end of the pulse are only 0. 057, 0. 072 and 0. 085 cm

for laser intensities of 106, 5 x 106 and 107 W/cm2 respectively. Howesvor,

as the intensity increases, the average pressure inside the .1 r plasma

"increases rapidly. For example, at 107 W/cm2 it is estimated that the

average over-pressure reaches 100 atm at an early time. At the same time,

the characteristic time for pressure equilibration at 14,000 K is estimated

to be 0. 3 psec which is short compared with the pulse time of interest, i. e.,

100 psec. Hence, the air plasma growth becomes dominated by the hydro -

dynamic effects. In the following section, we will develop a model whieh will
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incorporate both the ingestion of rmass by the LSC wave niec;.anism and the

hydrodynamic expansion as a result of the ingestion.

The "Snow Plow" Analysis

Consider a spherical air plasma which absorbs laser energy. The

heated zone propagates outward with the same radiative transfer mechanism

as the LSC wave. This outward propagation ingests high density ambient

air. As a result of the mass ingestion, the average pressure rises.

Here it is assumed that the pressure is instantaneously equilibrated and

hence the density and the temperature are uniform inside the air plasma.

This high pressure air plasma is then allowed to expand and "push" away
the ambient air in a manner similar to that of the " snow plow". For simplicity,

the velocity profile inside the air plasma is assumed to be always a linear

profile, i. e., u - uR (t) r/R where u is the radial velocity at the air
R uR

plasma edge.

From the conservation of mass, one gets

P 3p dR .30 dOR

dt R dt ± dt

The first term on the RHS represents the increase of density due to the

ingestion of mass while the second term indicates the decrease of density

due to the air plasria expansion. Here the expansion equation includes the

flow velocity and the LSC wave contribution.

E
dR RLsc uR + B (5. 16)
dt R dt R Oa Ah

hence continuity becomes

d ID __ B-.•-_UR (5. 17)L Pa a

From the momentum equation

Ou + u -- Vp1 yVP
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one can integrate over the complete volume of the air plasma. Remembering

p = p(t) and Gauss's theorem, we obtain

R(t) R(t)

Sr2 dr + 4t dr 4t R"

0 0

With the linear velocity profile assumption, the momentum equation can

finally be written as

' a

t iFor the energy equation, one hasget

3ju / 3E

OC + P ~ (E + 4

2a 2

' :1

where c ic the internal energy and Q represents th~e radiative transport 4J)

(the laser absorption and the plasma emission). Again, we average i

the entire energy equation over the air plasma volume by integrating. Using .:

the continuity, momentum and the expansion equations, one gets

Bt- 5pR (4a'P +a - 1+Ah -R p

R pAha I- (-•3 +a/ 190 UR :
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JA
where E is the laser absorption term which can readily be derived for

uniform temperature to be

V -ZRK 2RK
311 1 %\1~K )~

a 2QR 2 R K V (ZRKV 2

andthe internal energy can be expressed as

= h(T) -
P

Finally, Eqs. (5. 16) - (5. 19) together with the equation of state

p pRT (S. 20)

provide five equations for the five unknowns p, T, P, R and u The enthalpy
44

h = h (T, P) is obtained from the results of Yos. The above equations

have been solved numerically for an initial temperature of 14, 000 K, initial
6 6 7 2

pressure of 1 atm and laser intensities of 10 , 5 x 10 and 10 W/cm . As

shown in Fig. 5. 4 for the case of Ri 0. 05 cm, the temperature distributions

are not significantly different between the "snow plow" model and the calcula-

tions considering only the LSC mechanism, because the energy equation is

dominated by the radiative transports. However, the air plasma growth

rate has increased a great deal due to the hydrodynamic effects. For
6 2

R. = 0. 05 cm and I = 5 x 10 W/cm , the air plasma radius doubles in
I

approximately 1 ýtsec, (cf Fig. 5. 5). One notes that the aeceleration occurs in

an early time and for each intensity the velocity reaches a different plateau.

For all practical purposes, we can use the plateau velocity for each intensity

to assess the air plasma growth rate in the pulse time of interest.

The plateau values of the expansion velocity are plotted against the laser

intensity in Fig. 5.6, Since the particulates maybe only part4 cally vaporized,

calculations have also been done for R. 0.025, 0. 010 and 0. 005 cm. For
- 1
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comparison, the results for Ri 0. 05 cm from the perturbation calculations

are also presented. It can be observed that although the LSC mechanism

is vital in ingesting the high density ambient air, the air plasma growth

is primarily a hydrodynamic effect, and that for a given pulse width a decrease

in R requires an increase in laser intensity in order to reach a given final

air plasma size. When the expansion velocity passes a value of about
4

3 x 10 cm/secwhich is the sound speed in the ambient air, the results

imply that there will be shock wave proceeding the air plasma front. This

phenomenon has not been accounted for in the present analysis. Consider

an arbitrarily chosen final air plasma size to be 1 cm in diameter. Figure 5. 7

shows the intensity requirement for a given initial size air plasma to grow

to 1 cm in diameter in 50 and 100lsec. Suppose that we have a 20 cm
6 2

diameter laser beam with an intensity of 4 x 10 W/cm and the particulate

distribution is such to provide an average intitial air plasma bubble size of

R. = .025 cm. Then, when the number density Qf these bubbles is greater1

than 1. 3 cm across the beam, the air plasma will be able to fill-up the

beam's cross section in 50isec.

i.
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6. SUMMARY

The features of long pulse breakdown in particulate contaminated

air which distinguish it from short pulse breakdown are: (1) low threshold

intensities of the order of several megawatts per square centimeter,

(2) long delay times of the order of tens of microseconds, and (3) the

production of a luminous plasma several microseconds before breakdown

occurs. These features suggest that breakdown occurs via heating of

f the particulate vapor at constant pressure and in thermodynamic equili-

brium, with the subsequent production of an air plasma through energy

tran3fer from the hot vapor. This mechanism is studied theoretically

in the four preceding sections, and the results of the investigation are

consistent with expe rimnental observations.

As an example, consider an alumina particle having a diameter of
6

30g.. When this particle is subjected to 5 x 10 W/cm of 10. 6 ,i radiation,

we predict the following time scales: (1) The particle is 50% vaporized within

23 microseconds, (2) The luminous vapor thus formed heats without losses
0

and reaches 20000 K within i4 microseconds, (3) The hot vapor cloud
transfers energy to the surrounding air, thereby enabling the air to absorb

laser radiation. The radius of the plasma is doubled within 2p.seconds.

(4) The air plasma expands from a radius of . 2 cm to a radius of . 5 cm

within 5 microseconds. (5) The total time from laser turn on to production

of an air plasma one centimeter in diameter is therefore of the order of

44 micxoseconds, which is in agreement with the data of Ref. 4.

Even though the model is consistent with experiment, there remain

several internal inconsistencies which should be eliminated if precise

predictions are to be made. For example, the vapor production and vapor
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6. SUMMARY

The features of long pulse breakdown in particulate contaminated

air which distinguish it from short pulse breakdown are: (1) low threshold

intensities of the order of several megawatts per square centimeter,I
(2) long delay times of the order of tens of microseconds, and (3) the

production of a luminous plasma several microseconds beiore breakdown

occurs. These features suggest that breakdown occurs via heating ofI

the particulate vapor at constant pressure and in thermodynamic equili-

brium, with the subsequent production of an air plasma through energy

transfer from the hot vapor. This mechanism is studied theoretically

in the four preceding sections, and the results of the investigation are

consistent with experimental observations.

As an example, consider an alumina particle having a diameter of
6 2

30p.. When this particle is subjected to 5 x 10 W/cm of 10. 6 V radiation,

we predict the following time scales: (1) The particle is 50% vaporized within

23 microseconds, (2) The luminous vapor thus formed heats without losses

and reaches 20000 K within 14 microseconds, (3) The hot vapor cloud

transfers energy to the surrounding air, thereby enabling the air to absorb

laser radiation. The radius of the plasma is doubled within 2vseconds.

(4) The air plasma expands fromr a radius of . 2 cm to a radius of . 5 cm

within 5 microseconds. (5) The total time from laser turn on to production

of an air plasma one centimeter in diameter is therefore of the order of

44 microseconds, which is in agreement with the data of Ref. 4.

Even though the model is consistent with experiment, there remain

several internal inconsistencies which should be eliminated if precise

predictions are to be made. For example, the vapor production and vapor
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heating are clearly coupled since both processes operate over the same

time scales. Similtrly the final stage of vapor heating, the creation of

an air plasma and the subsequent expansion of the air plasma all proceed

at similar rates and should be united into one continuous process.
Further experimental data would be helpful for making refinements

to the model. Experiments should be carried out with beams which are

uniform over the size of the vapor cloud, say -2 cm. If the intensity does

I not remain constant throughout the pulse, the important quantity for
breakdown calculations is the fluence at breakdown, not the time.

Measurements made on a variety of different size alumina particles having

L ~radii greater than 3011 would aid in determining whether the observed]

threshold is caused by x requirement that the vapor be pure or a require-

ment that the cloud be a certain size. The threshold intensity should not

change with increasing particle size if the threshold is related to the purity

of the cloud. On the other hand, if the threshold is related to the size of

the cloud, a larger particle will have a lower threshold. The composition

of the luminous plasma can be investigated by observing atomic line

spectra. The fluence at which the luminous vapor first appears reveals

information about the particulate vaporization time. Finally, of course,

comprehensive, experiments should also be conducted with different

particulates and at different wavelengths.

In conclusion, we have shown that the long pulse breakdown of air

containing 30rmicron alumina particles can be explained by a model based

upon laser heating of the particulate vapor with the subsequent transfer of

* energy from the heated vapor plasma to the surrounding air. However the

mechanism depends upon several details of the laser - particulate interac-

tion which cannot be easily extrapolated to different wavelengths or to

particulates having a different composition.
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